This study was designed to determine whether hippocampal neuronal AMPA (alpha-amino-3-hydroxy-5-methylisoxazole-4-propionic acid) and NMDA (N-methyl-D-aspartate) 
Introduction
In the vertebrate CNS, fast excitatory neuronal transmission primarily involves ionotropic glutamate receptors (Cotman et al., 1987; Monaghan et al., 1989; Boulter et al., 1990) . Traditionally, these receptors have been classified into three subtypes according to their preferred pharmacological agonists: N-methyl-D-aspartate (NMDA), kainate and α-amino-3-hydroxy-5-methyl-4-isoxazole propionate (AMPA). Recently, investigators have cloned the sequence-related genes for many of these receptor subunits (Hollmann and Heinemann, 1994) . For example, based on a commonly used nomenclature, the AMPA receptor is generated from four subunit genes, termed GluR1-4, and the NMDA genes are referred to as NMDAR1 and NMDAR2a-d (Sommer and Seeburg, 1992; Hollmann and Heinemann, 1994) . For each AMPA or NMDA gene family: (i) functional receptors are composed of subunit proteins that assemble into homomeric and/or heteromeric combinations; (ii) heteromeric compositions best reflect the electrophysiological properties of native neuronal receptors; (iii) the relative amounts of receptor-subunit proteins are probably reflected in genomic mRNA levels; and (iv) AMPA and NMDA receptors probably cluster at post-synaptic sites, interacting with one another (Pennefather and Quastel, 1982; Nicoll 1988; Bekkers and Stevens, 1989; Boulter et al., 1990; Moriyoshi et al., 1991; Meguro et al., 1992; Monyer et al., 1992; Petralia and Wenthold, 1992; Bochet et al., 1994; Mollinoff et al., 1994; Geiger et al., 1995; Siegel et al., 1995; Spruston et al., 1995) . In addition, glutamate receptor stimulation probably influences other neuronal functions such as cell development and survival, synaptic stabilization and plasticity and synaptic efficacy, and it may be involved in acute and chronic neurotoxic-related diseases (Meldrum and Garthwaite, 1990; Gould et al., 1994; Kennedy, 1994; Aniksztejn and Ben-Ari, 1995; Bettler and Mulle, 1995) . Hence, the assembly and organization of AMPA and NMDA receptors and their subunit proteins allows for considerable complexity in glutamatemediated neuronal signalling, influences axon and synaptic organization during development, and has the potential for instigating neuronal dysfunction.
Of interest to clinicians and basic scientists is the pathophysiological relationship between ionotropic glutamate receptors and the generation of acute and chronic seizures, especially in syndromes such as mesial temporal lobe epilepsy (Dingledine et al., 1990; Wieser et al., 1993) . In temporal lobe epilepsy patients, clinical studies indicate that the two most frequently encountered pathologies are areas of severe mesial limbic damage, here termed hippocampal sclerosis, and mass lesions such as tumours or areas of cortical dysplasia (Babb and Brown, 1987; Mathern et al., 1995a Mathern et al., , 1997a . In association with hippocampal sclerosis are signs of reorganized excitatory and inhibitory axon circuits, especially in the fascia dentata molecular layer (de Lanerolle et al., 1989; Houser et al., 1990; Babb et al., 1991; Mathern et al., 1995a, d) . By comparison, mass lesion cases generally show less hippocampal damage and axon sprouting (Babb and Brown, 1987; Mathern et al., 1995a, e) . However, in both pathology groups the electrophysiological focus, as determined by intracerebral electrodes, most often involves the hippocampus and other mesial limbic structures (Babb et al., 1984a, b; Wieser et al., 1993; Mathern et al., 1995e) . Based on these findings, it has been hypothesized that the hippocampus in both sclerosis and lesion patients may contribute or cause temporal lobe seizures because of alterations in synaptic excitation and/or inhibition, and one possible mechanism of neuronal hyperexcitability may be related to increased glutamatergic post-synaptic receptors (Sloviter, 1991 (Sloviter, , 1994 Babb and Pretorius, 1993; Mathern et al., 1996a Mathern et al., , b, 1997b .
It is unclear, however, if human temporal lobe seizures are associated with increased hippocampal ionotropic glutamate receptors or alterations in AMPA and NMDA subunit composition. Pharmacological and electrophysiological studies support the notion that glutamate receptors, especially of the NMDA family, may be increased or show greater sensitivity to excitatory stimulation in neurons experiencing seizures (Avoli and Olivier, 1987; McNamara et al., 1990; Isokawa and Lévesque, 1991; Martin et al., 1992; Köhr et al., 1993; Köhr and Mody, 1994; Kraus et al., 1994; Bernard and Wheal, 1995) . However, previous human anatomical studies, specifically looking at hippocampal AMPA and NMDA receptor binding or their mRNAs in temporal lobe epilepsy patients, found that levels may be increased, decreased or unchanged compared with control autopsies (Geddes et al., 1990; Hosford et al., 1991; McDonald et al., 1991; García-Ladona et al., 1994; Lee et al., 1994) . This variability may be related to the research technique, and the common practice of combining patients with different seizurerelated pathologies and hippocampal neuron losses in the same study (i.e. sclerosis versus mass lesion; see Discussion). Therefore, in mesial temporal lobe epilepsy patients, it is uncertain if individual hippocampal neurons show anatomical evidence that AMPA and NMDA ionotropic receptors are increased or demonstrate alterations in their genomic receptor subunit compositions (Mathern et al., 1996a (Mathern et al., , 1997b .
In order to understand whether human mesial limbic seizures were associated with anatomical signs of increased glutamate receptors or changes in receptor subunit composition, this study determined hippocampal AMPA and NMDA mRNA levels in surgical patients with temporal lobe epilepsy. Specifically, we catalogued temporal lobe seizure patients into those with hippocampal sclerosis or mass lesions, and hypothesized that, compared with control autopsies and without correction for neuron loss, (i) mass lesion cases would show increased or similar AMPA and NMDA mRNA levels for dentate gyrus granule cells and Ammon's horn pyramids and (ii) hippocampal sclerosis patients with severe neuron loss would show decreased or similar mRNA levels. Furthermore, in both mass lesion cases and hippocampal sclerosis patients we speculated that hippocampal AMPA and NMDA mRNA levels per neuron would be increased relative to autopsies. These hypotheses were tested on patients from epilepsy centres where they were evaluated and treated using standardized clinical protocols and surgical procedures. Results from this study have been previously presented in abstract form (Mathern et al., 1996c) .
Material and methods

Patient evaluation and tissue collection
Patients with intractable temporal lobe seizures were evaluated at four collaborating medical facilities using a protocol previously published, and approved by each institution's Human Subject Protection Committee (Engel et al., 1991; Mathern et al., 1995b Mathern et al., , c, 1996a . Informed consent was obtained for all procedures. Evaluation included a detailed history and neurological examinations, interictal and ictal scalp EEG, a neuropsychological test battery, and intracarotid amobarbital injections (Wada test) for memory and speech representation. Neuroimaging studies included high-resolution MRI with special protocols to visualize the hippocampal formation and, at the University of California Los Angeles (UCLA), [ 18 ]fluoro-2-deoxyglucose PET. If the initial noninvasive data localized the seizure focus to the anterior temporal region, patients were referred for a standardized resection including 3-4 cm of the hippocampus. Alternately, if the initial data strongly suggested temporal lobe seizures, but were insufficient to lateralize the focus, then intracerebral electrodes determined the epileptic lobe and area of seizure onsets. Forty surgical cases were collected at the UCLA laboratory from June 1992 to September 1995. Twenty-seven patients were evaluated and operated at UCLA: eight at the Ribeirão Preto School of Medicine, University of São Paulo, Brazil; three at The Epilepsy and Brain Mapping Center, Los Angeles; two at the University of Pittsburgh.
As described by Wieser et al. (1993) and previously applied by this laboratory (Mathern et al., 1995a (Mathern et al., -e, 1996a (Mathern et al., -d, 1997a , c) surgical patients were catalogued based on preoperative clinical, EEG and neuroimaging studies into those with hippocampal sclerosis (n ϭ 28) or with extrahippocampal mass lesions and without hippocampal sclerosis (mass lesions, non-HS; n ϭ 12). The sclerosis group were patients without mass lesions, they generally had a childhood onset of seizures, the hippocampus was severely damaged as assessed by neuroimaging, and the mesial temporal region was the probable source of their seizures based on EEG abnormalities and previous studies (Babb and Brown, 1987; Wieser et al., 1993; Mathern et al., 1995a Mathern et al., -e, 1996a Mathern et al., -d, 1997a . Mass lesion patients had a macroscopic mass such as a tumour (n ϭ 5), vascular abnormality (n ϭ 3) or area of cerebral dysgenesis (i.e. heterotopia, schizencephaly, etc.; n ϭ 4) identified by neuroimaging and confirmed pathologically. It should be re-emphasized that lesion cases generally do not have as much neuron loss as hippocampal sclerosis patients, the hippocampus probably participates in the seizures, but it may or may not be involved in the epileptogenic process (Babb and Brown, 1987; Mathern et al., 1995e, 1997a . Microscopic heterotopias and hamartomas were not considered neocortical epileptic lesions.
For comparison/control purposes, four (non-seizure) autopsies were also studied. One UCLA autopsy died of cardiac causes at age 57 years. Three additional autopsies from Ribeirão Preto consisted of a 66-year-old who died of cardiac failure, a 22-year-old who died from severe pneumonia, and a 24-year-old who died of acute septic shock. These autopsy hippocampi were collected within 22 h of death, and in three cases within Ͻ6 h (mean 8.75 Ϯ 4.5 h). None of the autopsies showed macroscopic signs of cerebral pathology. At surgery or autopsy, 0.3-1.0-cm hippocampal specimens cut transverse to the long axis were placed in freshly prepared phosphate buffered 4% paraformaldehyde. Specimens from outside UCLA were sent in fixative via express mail to Los Angeles and upon arrival cryoprotected in 10% buffered sucrose. The next day adjacent cryostat sections were mounted on chromium-alum gelatin-coated subbed slides (for cell counts), or Superfrost/Plus slides(two sections per slide; 30 µm; Fisher) for in situ hybridization. The slides for in situ hybridization were immediately stored for later batch processing (-70°C), and tissue specimens were protected from RNase contamination throughout the collection and histological processing.
To determine whether autopsy hippocampi and surgical tissue were comparable, an additional rat experiment determined hybridization densities in immersion-fixed animal brains subjected to autopsy-like conditions. Briefly, naive male Sprague-Dawley male rats were anaesthetized and decapitated. Their brains were either immediately, 8 or 24 h later, immersion fixed in 4% buffered paraformaldehyde. The rat brains remained in the skull at room temperature until immersion fixation. For comparison, another group of naive rats was anaesthetized and perfused with buffered normal saline for 1 min, and 4% buffered paraformaldehyde for 5-10 min. These brains were removed, blocked and kept in fixative overnight, similar to that used for the immersionfixed tissue. Coronal hippocampal sections were mounted on SuperFrost Plus slides, and the immersion and perfusionfixed rat brains were processed for in situ hybridization in the same manner as the human surgical and autopsy tissue (n ϭ 3 per rat group).
Hippocampal neuron densities
As previously published, sections were stained with cresylecht violet for histopathological review (30 µm thick) and cell counts (10 µm) (Babb et al., 1984a, b; Mathern et al., 1995a Mathern et al., -e, 1996a Mathern et al., -d, 1997c ). Counts were done at ϫ400 magnification using grid morphometric techniques with Abercrombie's (1946) corrections, and the hippocampal subfields were based on Lorente de Nó's (1934) classification. The subfields were the granule cells of the fascia dentata, CA4, CA3, CA2 and CA1 stratum pyramidale, and prosubiculum neurons. For comparison purposes, an averaged Ammon's horn (AH) neuron density was determined as the average of the CA4 to prosubiculum subfields. A comment on nomenclature: Lorente de Nó originally labelled all neurons between the blades of the stratum granulosum as CA4 and a portion of CA3c. Modern neuroanatomists recognize that the human fascia dentata contains several neuron populations (Amaral and Campbell, 1986) . One is an extension from CA3b of pyramids (i.e. CA3c and CA4) and a second is a population of hilar neurons between the subgranular zone and CA4 pyramids. This study considered CA4 cells to be the pyramids within the stratum granulosum blades which included some CA3c neurons, and our CA3 densities were similar to those of Lorente de Nó's CA3b. The neuron counts were performed by one person (J.K.P.), blinded to other collected data.
Our neuron density method was a relative estimate and not an absolute calculation of the number of hippocampal neurons. Animal and human autopsy stereological procedures that emphasize 'unbiased' absolute neuronal quantities are not practical in surgically collected tissues (Cruz-Orive and Weibel, 1990; West, 1990; Mayhew, 1992; Coggeshall and Lekan, 1996; Saper, 1996; Mathern et al., 1997c) . Such techniques require multiple random sections throughout the hippocampus and, in surgical specimens, usually only a short portion was available for study. Hence, total hippocampal volumes could not be determined, and the number of sample sites for neuron counts was usually limited to one defined region. Likewise, while it would be expected to be approximately the same for all specimens, it was nearly impossible to correct for tissue volume changes that occur from fixation shrinkage and pathological atrophy. However, neuron density measurements, as used in this study, can be considered reliable relative estimates of neuron densities since (i) the technique meets Abercrombie's assumptions, (ii) statistical differences between groups of patients that are similarly processed can be accurately determined and (iii) our method is an accepted quantitative technique in human surgical studies (Mouritzen-Dam, 1980; Babb et al., 1984a, b; Mathern et al., 1995a Mathern et al., -e, 1996a . Control comparison tissue consisted of the previously mentioned four autopsies without cerebral pathology, processed in the same manner as the surgical material (see above).
Riboprobe preparation
Full-length cDNAs of rat AMPA and NMDA receptor subunits (courtesy of Dr Jim Boulter) included the following clones: GluR1 (p59/2); GluR2 (pRB14); GluR3 (pRB312); NMDAR1-1a (pNMDAR1-1a); and NMDAR2B (pJS2B). The cDNAs were subcloned into the EcoR1 site of the Bluescript plasmid vector. Plasmid cDNAs were linearized with either EcoR1 (GluR1-3 and NMDAR1) or HindIII (NMDAR2). Full-length antisense cRNAs were prepared using T7 RNA polymerase (GluR1-3, and NMDAR1) or T3 (NMDAR2B) in the presence of [ 35 S]UTP (Dupont, Boston) by in vitro transcription, except for GluR3 which had a predicted probe length of 400 bases complementary to the 3Ј end. Control sense probes were transcribed with T3 RNA polymerase, except NMDAR2B which used T7 polymerase. All enzymes were supplied by Strategene. On average, there is 98% homology between the rat and human cDNAs for AMPA and NMDA receptor subunits, and AMPA riboprobes probably hybridized to both Flip and Flop variants Hollmann and Heinemann, 1994) .
In situ hybridization for all five riboprobes showed excellent hybridization over principal hippocampal neurons for GluR1, NMDAR1 and NMDAR2; however the results for GluR2 and GluR3 were less optimal. Furthermore, compared with perfusion-fixed rat brains, hippocampal hybridization densities for these later two riboprobes were decreased in immersion-fixed hippocampi (see Fig. 1 ). We therefore repeated the human in situ experiments for GluR2 and GluR3 and reduced the longer riboprobes into~200 bases using the partial alkaline hydrolysis technique (Cox et al., 1984) . Compared with the longer probe, this procedure increased the signal and reduced the background in our immersion-fixed hippocampal tissue. Briefly, labelled fulllength riboprobes were incubated with 60 mM disodium carbonate/40 mM monosodium carbonate at 60°C for 43 (GluR2) or 23 (GluR2) min (pH 10.2). The reaction was placed on ice, neutralized with 0.1 M sodium acetate (pH 6.0) in 0.5% (v/v) 10% glacial acetic acid, and precipitated overnight in ethanol (-70°C). Our presented results show in situ hybridization utilizing full-length riboprobes for GluR1, NMDAR1 and NMDAR2, and partially hydrolysed riboprobes for GluR2 and GluR3.
In situ hybridization
In situ hybridization procedures were performed as a batch process for each riboprobe between December 1995 and July 1996, and followed slight modifications of previously published protocols (Gall and Isackson, 1989; Kornblum et al., 1994) . Briefly, slides with sections adjacent to the ones used for neuron counts were removed from storage (-70°C) and gently warmed under a stream of cool air to avoid condensation. Once at room temperature sections were pretreated with: 0.1 M phosphate buffer (pH 7.4); 0.25% acetic anhydride in 0.1 M triethanolamine (pH 8.0); and washes of 2ϫstandard saline citrate (SSC). Slides were then dehydrated through graded ethanols, immersed in chloroform (5 min), rehydrated and air dried. Hybridization was performed at 60°C for 18-24 h using~250 µl of hybridization solution per slide (two sections) consisting of 50% formamide, 10% dextran sulphate, 0.65% ficoll, 0.65% polyvinyl pyrrolidone, 0.65% bovine serum albumin, 0.15 mg/ml yeast transfer RNA, 0.3 mg/ml denatured salmon sperm DNA, 40 mM DTT (dithiotreitol), and 35 S-labelled cRNA probe at a concentration of 1ϫ10 7 c.p.m./ml of hybridization solution. The next day sections were washed twice at 60°C in 4ϫSSC, 10 mM sodium thiosulphate (STS) (25 min each), and treated Fig. 1 Histograms showing the mean (Ϯ SEM) hybridization densities for perfusion-fixed rat hippocampi (solid bars) compared with immediate or delayed immersion-fixed rat hippocampi (striped bars; 0, 8, or 24 h). The ANOVA P values are shown for each AMPA and NMDA mRNA, and significant post hoc tests compared with the perfusion-fixed group indicated by asterisks (Games-Howell; P Ͻ 0.05). Compared with perfusion-fixed hippocampi, the densities in immersion-fixed rats were lower, especially for AMPA GluR2 and GluR3. However, in the immersion groups, delays in post-mortem fixation did not show progressive decreases in hybridization densities. These results support the notion that human autopsy hippocampi can be used in comparisons with surgically collected tissue.
at 45°C with 20 µg/ml ribonuclease A in 0.5 M NaCl/10 mM Tris (pH 8.0)/1 mM EDTA (ethylenediamine tetra-acetic acid) for 40 min. Slides were again washed for 25 min in SSC/STS of decreasing SSC concentration starting with four washes at room temperature in 2ϫSSC/10 mM STS; two washes at 60°C in 0.5ϫSSC/10 mM STS; one wash at 60°C in 0.1ϫSSC/10 mM STS; and one wash at room temperature in 0.1ϫSSC/10 mM STS. Finally, the slides were rinsed in double distilled autoclaved water and air dried. In situ controls consisted of tissue sections initially treated with RNase, and slides hybridized with sense riboprobes.
Autoradiography and densitometric analysis
Hybridization densities over principal hippocampal neurons were visualized by film (Amersham, Beta Max) and emulsion (Kodak, NTB2) autoradiography, and quantified using image analysis techniques similar to previous protocols (Mathern et al., 1995d (Mathern et al., , 1996a (Mathern et al., , b, d, 1997b Gold et al., 1996) . Slides were placed in film cassettes, exposed for 3-5 days, and the film developed in D19 (Kodak, 1 : 1 dilution, 4 min) and rinsed for 30 s in distilled water, fixed in KodaFix (Kodak 1 : 3 dilution) for 10 min, rinsed in running water for 20 min and air dried. After film autoradiography, the slides were dehydrated through graded ethanols, immersed in chloroform (20 min), rehydrated to 50% ethanol, air dried, and dipped for emulsion autoradiography (Kodak NTB2, 1 : 1 dilution). Exposure time averaged 4-5 weeks, slides were processed in Kodak D19 and Kodak fixer, and counterstained (cresylecht violet).
Hybridization densities over principal hippocampal neurons were measured from the film autoradiographs with an image analysis computer using the same anatomical landmarks and subfield nomenclature as the cell counts (Olympus Microscope and MCID Imaging Software; Imaging Research, Ontario, Canada). Briefly, the operator outlined the fascia dentata molecular layer, stratum granulosum, and stratum pyramidale subfields for the computer, based on previously prepared copies of the adjacent Nissl stained sections used for cell counts, and the computer then determined the density of silver grains. Hybridization densities were calibrated relative to 14 C-radiolabelled standards (American Radiolabelled Chemical, St Louis, Mo. USA), and two measures per subfield averaged per patient. For Figs 7 and 8, the molecular layer of each patient was used as a measure of background hybridization. This background value was subtracted from the hybridization densities obtained over the hippocampal neuronal subfields as a final measure of signal over background.
Data analysis
Data were entered into a database on a personal computer and analysed using a statistical program (Super ANOVA Version 1.1, Abacus Concepts, Berkeley, Calif., USA). Differences between the categories and autopsies were compared statistically using an analysis of variance (ANOVA) and further compared between individual groups (at P Ͻ 0.05) using the Games-Howell test that controls for multiple comparisons of unequally sized samples and of unassumed variances. Other statistical tests included analysis of covariance (ANCOVA) and regression analyses. Results were plotted with DeltaGraph Professional (DeltaPoint, Monterey, Calif., USA), and were considered significantly different at a minimum confidence level of P Ͻ 0.05.
Results
AMPA and NMDA hybridization densities in autopsy-like conditions
To determine whether autopsy hippocampi and surgically collected tissue were comparable, we performed a rat experiment to study the changes in hybridization densities with different post-mortem delays before immersion fixation. If a delay in fixation was associated with decreased AMPA and NMDA hybridization densities then autopsies and surgically collected hippocampi would not be comparable. Naive rats were anaesthetized, decapitated, and their brains immersion fixed either immediately, or 8 or 24 h later. For comparison, another group of rats were perfusion fixed, and all the brains were processed for AMPA and NMDA in situ hybridization in the same manner as the human tissue. From the film autoradiographs, image analysis determined the hybridization densities for the dentate gyrus granule cells, and CA3 and CA1 regions; these data were averaged, and Fig. 1 shows the results.
There were two relevant findings from this rat study. First, compared with those from perfusion-fixed rats (solid bars), hippocampi from immersion-fixed animals, regardless of post-mortem delay, showed decreased hybridization densities (striped bars). The most significant decrease was for AMPA GluR2 (60%) and GluR3 (66%), while the decrease was less for GluR1 (18%), NMDAR1 (29%), and NMDAR2 (20%; see ANOVA P values). This may partially explain the relative difference in hybridization densities we observed in human hippocampi when comparing GluR2 and GluR3 with GluR1 and NMDAR1 (see Figs 2-5). The second finding was that compared with immediate immersion fixation (no delay), delayed fixation of 8 and 24 h was not associated with decreased AMPA and NMDA hybridization densities. In fact, there was a suggestion that mRNA levels slightly increased with longer delays, especially for GluR1, NMDAR1 and NMDAR2. Furthermore, in our autopsies longer post-mortem delays did not correlate with decreased AMPA and NMDA hybridization densities (P Ͼ 0.42). Hence, for AMPA and NMDA mRNAs our rat and human data supports the notion that human autopsy hippocampi collected within 24 h of death can be used in comparisons with immediately immersion-fixed surgical tissue.
Patient clinical profiles
The three patient categories [those with hippocampal sclerosis, mass lesion (non-HS) or control autopsies] did not show significant differences in age or side resected, and the length of cold storage was not different between the three groups. Table 1 shows the mean (Ϯ SEM) age, side resected and duration of cold storage for the three patient groups, and there were no statistical differences. The age at surgery or autopsy ranged from 9.7 to 66 years, and the duration of cold storage before in situ processing ranged from 1 to 44 months. AMPA or NMDA hybridization densities did not correlate with; (i) duration of cold storage (P Ͼ 0.07) or (ii) age at surgery or autopsy (P Ͼ 0.17). Furthermore, for all the AMPA and NMDA mRNAs, slides hybridized with sense riboprobes or pre-treated with RNase showed hybridization densities over principal neurons that were indistinguishable from background levels (data not shown). Lastly, mass lesion and hippocampal sclerosis patients were on similar antiepileptic medications.
Examples of human AMPA and NMDA in situ hybridization
Figures 2-4 illustrate examples of the hippocampus from an autopsy (Fig. 2) , mass lesion ( Fig. 3 ; non-HS), and , GluR2 (C), GluR3 (D), NMDAR1 (E) and NMDAR2 (F). In A the hippocampal subfields are labelled and include the stratum granulosum (SG), CA1 (1) to CA4 (4), prosubiculum (P), and subiculum (S). In the darkfields the arrowheads label the stratum granulosum and arrows indicate the CA2 region, which is illustrated at higher magnification in Fig. 5 . The autopsy in situ hybridization densities for each subunit showed the following (µCi/gm; stratum granulosum and averaged Ammon's horn, respectively): AMPA GluR1 0.955 and 0.379; GluR2 0.262 and 0.156; GluR3 0.169 and 0.107; NMDAR1 2.084 and 1.523; and NMDAR2 0.328 and 0.238. All parts in Figs 2, 3 and 4 are at equal magnification. Bars represent 1 mm. hippocampal sclerosis patient (Fig. 4) , and are similarly presented by showing the Nissl stain (panel A) followed by darkfields for AMPA GluR1 (panel B), GluR2 (panel C), GluR3 (panel D), NMDAR1 (panel E) and NMDAR2 (panel F). Figure 5 shows a magnified view of the CA2 region indicated in Figs 2-4 by the arrows for the same autopsy ( Fig. 5; A, D, G, J, M and P), tumour ( Fig. 5; B , E, H, K, N and Q), and hippocampal sclerosis patient ( Fig. 5 ; C, F, I, L, O and R). Figure 5 is organized by showing the Nissl stain (panels A-C), followed by darkfields for GluR1 (panels D-F), GluR2 (panels G-I), GluR3 (panels J-L), NMDAR1 (panels M-O), and NMDAR2 (panels P-R).
In the autopsy case, hybridization densities were greater than background levels over principal fascia dentata and Fig. 3 Photomicrographs of a mass lesion (non-HS) hippocampus with the parts organized as in Fig. 2 . By visual inspection, most of the AMPA and NMDA mRNAs showed greater hybridization densities over principal neurons compared with the autopsy case (panels B-F; compare with Fig. 2 ). The measured subfield silver grain densities, without correction for neuron densities, showed the following percentage changes relative to the autopsy case ( Fig. 2 ; stratum granulosum and averaged Ammon's horn, respectively): AMPA GluR1 ϩ9% and ϩ36% (B); GluR2 ϩ29% and ϩ61% (C); GluR3 ϩ55% and ϩ113% (D); NMDAR1 ϩ55% and ϩ71% (E); and NMDAR2 ϩ59% and ϩ70% (F).
Ammon's horn neurons for all the riboprobes studied, and the silver grain densities were especially prominent for GluR1 (Figs 2B and 5D) and NMDAR1 (Figs 2E and 5M) . By comparison, hybridization densities for GluR2 (Figs 2C and 5G), GluR3 (Figs 2D and 5J) and NMDAR2 (Figs 2F and 5P) are not as robust, and for these three mRNAs the stratum granulosum (Fig. 2, arrowheads) , prosubiculum and subiculum subfields showed greater hybridization than the CA3 and CA2 regions (Fig. 2, arrows, and Fig. 5) .
The mass lesion case showed a similar pattern of AMPA and NMDA hybridization densities as the autopsy case. Figure 3 illustrates the hippocampus from a patient who had an astrocytoma in the inferior temporal and fusiform gyrus. A first operation partially removed the tumour but did not control the complex partial seizures (average 2-3 seizures per day). A second procedure, 10 years later, removed the remaining tumour, the surrounding anterior temporal lobe, and mesial temporal structures. At a 12 month follow-up visit the patient reported only four postoperative seizures supporting the concept that preoperative seizures probably involved or propagated through mesial limbic structures. Compared with the autopsy case, there was some neuron loss visually (compare Figs 3A and 5B with Figs 2A and 5A) , and this hippocampus showed a 24% averaged Ammon's horn decrease in neuron density, with the greatest loss in prosubiculum (37%) and stratum granulosum (42%) subfields compared with autopsies. With image analysis, hybridization densities over principal neurons were about the same or increased compared with the autopsy case (see Fig. 3 legend) , and visually the density of silver grains appeared greater for AMPA GluR1 and NMDAR1 over individual CA2, CA1 and prosubiculum neurons (Fig. 5E and N) .
Hippocampal sclerosis patients showed decreased hybridization densities in regions of severe neuron loss, but in remaining neurons, silver grain densities per cell seemed to be the same or greater than in the autopsies. The percentage change in silver grain densities relative to the autopsy case, without correcting for neuron densities, was as follows (stratum granulosum and averaged Ammon's horn, respectively): AMPA GluR1 0% and ϩ5% (B); GluR2 ϩ17% and ϩ43% (C); GluR3 ϩ12% and ϩ36% (D); NMDAR1 ϩ11% and -5% (E); and NMDAR2 -6% and -3% (F).
shows the hippocampus from a patient who had a childhood febrile convulsion, followed within a few years by complex partial seizures that continued until surgery at the age of 25 years. Neuroimaging disclosed a small hippocampus, and the preoperative seizure frequency was 5-6 per month. Postoperatively the patient has reported no complex partial seizures supporting the notion that the hippocampus was probably involved in the epileptogenic process. The Nissl stain shows neuron loss in a pattern typical for hippocampal sclerosis with the greatest damage in CA1 and the prosubiculum (Sommer's sector). In this particular example the CA3 and CA4 (end folium) regions were not as badly damaged as in other sclerosis specimens. On average, there was a 58% decrease in neuron density with the greatest loss in stratum granulosum (48%), and CA1 and prosubiculum (80%) subfields. With image analysis, hybridization densities per subfield without correction for neuron densities were about equal to, or less than, the autopsy case (see Fig. 4 legend), but over individual neurons silver grain densities often appeared increased for all mRNAs studied, especially in the CA2 resistant sector (Figs 4 and 5) . Figure 6 shows the mean (Ϯ SEM) neuron densities for the three patient categories in each hippocampal subfield. It should be emphasized that the autopsy group consisted of the four cases used in this study and not a larger sample as in earlier reports from this laboratory. Similar to previous publications, hippocampal sclerosis patients showed decreased neuron densities in all subfields and the decrease was dysproportionally greater in Sommer's sector (CA1 and prosubiculum), and the end folium compared with autopsies (CA4) (Babb and Brown, 1987; Mathern et al., 1995a Mathern et al., , c, d, 1996b . In contrast, compared with autopsies mass lesion (non-HS) patients showed decreased densities only in the stratum granulosum. 
Hippocampal neuron densities
AMPA and NMDA hybridization densities not corrected for neuron densities
The hybridization densities, measured from the film autoradiographs, paralleled the previously described visual findings from the darkfield emulsion radiographs. Figures 7 (AMPA GluR1-3) and 8 (NMDAR1-2) show the mean (Ϯ SEM) hybridization densities (over background) for the three patient categories without correction for neuron densities. In summary, compared with autopsies (i) mass lesion cases showed hybridization densities that were either significantly or numerically increased, and (ii) hippocampal sclerosis patients showed hybridization densities that were either significantly or numerically decreased.
For all patient categories, AMPA GluR1-3 mRNA levels were greater in the stratum granulosum relative to Ammon's horn stratum pyramidale (Fig. 7) . Compared with autopsies, mass lesion cases showed: (i) GluR1 hybridization densities that were increased in CA4, CA3, and prosubiculum subfields; (ii) GluR2 densities that were increased in the CA1 subfield; (iii) GluR3 densities that were increased in CA4 and CA3 subfields, and in the averaged Ammon's horn measurement (CA4 to the prosubiculum); and (iv) in all other regions, densities were either similar or numerically increased (see legend to Fig. 7) . In contrast, compared with autopsies, hippocampal sclerosis patients showed: (i) GluR1 hybridization densities that were decreased in CA3, CA1, and prosubiculum; (ii) GluR2 densities that were decreased in CA4, CA1, and prosubiculum; and (iii) in other GluR1-2 subfields and for all of the GluR3 regions hybridization densities that were either similar or numerically decreased.
Overall, the results for NMDAR1-2 mRNA levels were similar to the AMPA findings. For all patient categories, the Ammon's horn NMDAR1-2 hybridization densities, especially for CA1 stratum pyramidale, were like the stratum granulosum levels (Fig. 8) . Compared with autopsies, mass lesion cases showed: (i) NMDAR1 hybridization densities that were increased in CA1; (ii) NMDAR2 densities that were increased in stratum granulosum, CA1 and prosubiculum; and (iii) for all other subfields the densities were either similar or numerically increased. In contrast, compared with autopsies hippocampal sclerosis patients showed: (i) NMDAR1 and R2 densities that were decreased in CA3, and CA1; and (ii) for all other subfields, densities were either similar or numerically decreased. 
AMPA and NMDA hybridization densities per neuron
Given the differences in neuron counts (Fig. 6 ) and hybridization densities (Figs 7 and 8) , an important question was whether the statistical differences in AMPA and NMDA mRNAs for the three patient categories could be accounted for by changes in neuron densities. We therefore performed an analysis of covariance (ANCOVA) comparing patient category and neuron densities with AMPA and NMDA hybridization densities and the results are shown in Table 2 . In summary, of the 35 statistical comparisons, the patient categories showed differences in hybridization densities in 20 (57%), and only one comparison (3%; NMDAR1 in CA4) found that hybridization densities correlated with neuron densities. In other words, statistical comparisons of the patient categories without correction for neuron densities showed 30 subfields to be different (Figs 7 and 8) , and 20 of these comparisons remained significantly different after statistically considering differences in neuron densities (ANCOVA; Table  2 ). Furthermore, the CA4 subfield was the single region that showed a positive correlation between neuron counts and NMDAR1 hybridization densities, regardless of patient category (r ϭ 0.777). Of note, there was a trend towards similar correlations in the CA4 subfield between neuron densities and AMPA GluR2 (P ϭ 0.059) and NMDAR2 (P ϭ 0.071) hybridization densities. These results indicate that the three patient categories showed significant differences in AMPA and NMDA mRNA levels for many hippocampal subfields that were not influenced by changes in neuron densities.
Since the mRNA levels in many hippocampal subfields were different between patient categories, it was also reasonable to approximate the relative increase or decrease in hybridization densities per remaining neuron. For this measurement, we estimated relative amounts of mRNA levels per neuron by dividing the subfield hybridization densities by the neuron densities from the adjacent Nissl stained section and normalized the data relative to autopsies. The alternate technique of measuring silver grain densities over a number of individual cells in each hippocampal subfield was not practical because grains from one cell overlapped with neighbouring neurons, especially in the tightly packed stratum granulosum and pyramidale. Figure 9 shows the results, and the Ammon's horn data consists of the average of the CA4 to prosubiculum subfields. Nissl stained sections are shown first (A, B and C), followed by darkfields for AMPA GluR1 (D-F), GluR2 (panels G-I), GluR3 (J-L), NMDAR1 (M-O) and NMDAR2 (P-R). Each panel is oriented with the stratum oriens (SO) on top, stratum pyramidale (SP) in the middle and stratum radium (SR) at the bottom. Stratum pyramidale is marked in the darkfield micrographs (P). Relative to the autopsy CA2 neuron densities, the tumour case showed a 12% decrease, and the hippocampal sclerosis patient a 46% decrease (A-C). All parts are at equal magnification; calibration bar represents 200 µm.
Compared with autopsies, fascia dentata granule cell hybridization densities per neuron, for both mass lesion cases and hippocampal sclerosis patients, were increased or similar for all AMPA and NMDA mRNAs (Fig. 9A) . The mean increase per neuron was greatest for AMPA GluR1 and NMDAR2, and there were no appreciable differences between mass lesion and hippocampal sclerosis cases. Relative amounts of Ammon's horn mRNA levels per neuron for both seizure groups were increased or similar compared with autopsies for all AMPA and NMDA mRNAs, but the percentage increase was not as great as the granule cell estimates ( Fig. 9 ; cf. parts A and B). Again, in the Ammon's horn there were no differences between mass lesion cases and hippocampal sclerosis patients, except for GluR2, where the mRNA levels per neuron were slightly increased in sclerosis cases compared with autopsies (P ϭ 0.07) and mass lesion patients (P ϭ 0.06). Analysis of individual Ammon's horn subfields showed no differences in the pattern of mRNA levels per neuron from the averaged data. These findings indicate that patients with seizures from extrahippocampal mass lesions and those with hippocampal sclerosis showed increased or comparable hybridization densities per neuron relative to autopsies. Furthermore, granule cell AMPA GluR1 and NMDAR2 mRNA levels increased the most, compared with the other subunits, and there was a trend in Ammon's horn pyramids for an increase in GluR2 mRNAs in sclerosis patients relative to autopsies and mass lesion cases.
Discussion
By comparing hippocampi from mass lesion cases and hippocampal sclerosis patients with those from (control) autopsies, we showed in this study that chronic human limbic seizures were associated with increased or similar This autopsy group consisted of four cases ranging in age from 22 to 66 years (see Material and methods). Compared with the autopsies, hippocampal sclerosis patients showed a pattern typical for this disease. There were decreased neuron densities in all subfields, which was especially prominent in Sommer's sector [CA1 and prosubiculum (Pro)] and the end folium (CA4). In contrast, compared with autopsies, mass lesion cases showed decreased neuron densities in stratum granulosum granule cells (SG), and the averaged Ammon's horn (Av. AH) did not demonstrate significant reductions in neuron counts.
hippocampal AMPA and NMDA mRNA levels per neuron, and in dentate granule cells the increase was greatest for AMPA GluR1 and NMDAR2 relative to the other subunits. Compared with control autopsies from non-neurological cases, and without correction for neuron loss, mass lesion cases (non-HS) whose Ammon's horn neuron densities were similar to those of the four autopsies (Fig. 6) showed: (i) significantly increased NMDAR2 hybridization densities for dentate gyrus granule cells (Fig. 8); (ii) significantly increased AMPA GluR3 densities for Ammon's horn pyramids (Fig.  7) ; and (iii) either similar or numerically increased densities for all other subunits and hippocampal subfields. Compared with autopsies, hippocampal sclerosis patients with severe neuron loss showed: (i) significantly decreased AMPA GluR1-2 and NMDAR1-2 hybridization densities for Ammon's horn pyramids, and (ii) either similar or numerically decreased densities for all other subunits and subfields. However, by both visual inspection (Figs 2-5 ) and image analysis (Fig. 9) hippocampal sclerosis patients showed increased hippocampal AMPA and NMDA hybridization densities per remaining neuron compared with autopsies, especially for AMPA GluR2 in Ammon's horn pyramids. Assuming that hippocampal AMPA and NMDA mRNA levels per neuron reflect concordant changes in receptorsubunit proteins, our findings support the hypothesis that human temporal lobe seizures are associated with increased hippocampal excitatory AMPA and NMDA receptors or alterations in receptor subunit composition, and such changes could contribute to seizure generation and/or propagation.
It is important to consider the assumptions involved in our experimental design and methodology when interpreting our results. First, for comparisons, we used autopsy hippocampi with longer delays before fixation than those for our surgical specimens. Our initial rat experiments showed that, compared with immediate immersion fixation, AMPA and NMDA hybridization densities did not decrease with post-mortem intervals up to 24 h (see Fig. 1 ). Furthermore, our autopsies showed no correlations between longer post-mortem delays and decreased AMPA and NMDA hybridization densities. Hence, it seems reasonable to compare surgically collected tissue to autopsies as has been suggested by other authors (Dournaud et al., 1994; Wetzel et al., 1994) . However, we must acknowledge that other factors strongly related to seizures, such as anti-epileptic medications used by surgical patients, need to be considered as another explanation of altered ionotrophic mRNA levels. Secondly, we assumed that rat AMPA and NMDA riboprobes could be used in human hippocampal studies. This supposition seems acceptable given that there was 98-99% homology between these two species. Furthermore, our anatomical findings were comparable with those in other human, monkey and rodent studies using antibodies or oligonucleotides against similar AMPA and NMDA receptor subunits (Moriyoshi et al., 1991; Rogers et al., 1991; Petralia and Wenthold, 1992; Brose et al., 1993; Hyman et al., 1994; Petralia et al., 1994; Blümcke et al., 1995; Day et al., 1995; Ikonomovic et al., 1995; Siegel et al., 1995; Lynd-Balta et al., 1996) . Thirdly, we presume that hybridization densities were primarily from principal hippocampal neurons. However, intermixed with principal neurons are glia and GABAergic interneurons which are known to express ionotropic mRNAs, and such cells could have contributed slightly to our mRNA measurements (Burnashev et al., 1992; Martin et al., 1993; McBain and Dingledine, 1993; Stephens et al., 1993; Eastwood et al., 1994) . Finally, we have assumed throughout this discussion that changes in AMPA and NMDA hybridization densities reflect alterations in receptor-subunit proteins, and this concept is supported by several recent animal studies but has not been confirmed in human experiments (Bekenstein et al., 1990; Lambolez et al., 1992; Bochet et al., 1994; Soltesz et al., 1994; Baude et al., 1995; Geiger et al., 1995; Spruston et al., 1995) . Even with these assumptions, it is useful to compare and contrast our findings with those in other human and animal hippocampal studies; in particular, our findings suggest several important interpretations related to hippocampal AMPA and NMDA receptors in temporal lobe epilepsy patients.
Comparison with human AMPA and NMDA receptor studies
In previous human temporal lobe epilepsy studies, methods to assess hippocampal AMPA and NMDA receptors have relied upon receptor autoradiography, immunohistochemistry and in situ hybridization. Unfortunately, these reports are often difficult to compare with one another because of differences in experimental techniques and the fact that many studies combine cases with different seizure-related pathologies. For example, Geddes et al. (1990) examined the Fig. 7 Histogram showing the mean (Ϯ SEM) hybridization densities for AMPA GluR1 (A), GluR2 (B), and GluR3 (C) in each hippocampal subfield for autopsies, mass lesion (non-HS) and hippocampal sclerosis patient categories. In Figs 7 and 8 the graphs illustrate the hybridization densities obtained from the computer image analysis of the film autoradiographs without correction for neuron densities, and the fascia dentata molecular layer signal was subtracted from each subfield as a way to correct for 'background noise'. The ANOVA P-values are shown above each subfield and the significant post hoc results indicated by asterisks (Games-Howell; P Ͻ 0.05). Single asterisks indicate a difference compared with one group, and two asterisks a difference compared with two groups. Specific post hoc results showed for GluR1 levels: (i) in the stratum granulosum (SG) hippocampal sclerosis cases showed less than mass lesion (P ϭ 0.017); (ii) in CA4 mass lesions showed more than the other two categories (P Ͻ 0.0035); (iii) in CA3 all categories were different (P Ͻ 0.044)-in CA1 hippocampal sclerosis cases showed less than the other two categories (P Ͻ 0.010); (iv) in prosubiculum (Pro) all categories were different (P Ͻ 0.014); and (v) in averaged Ammon's horn (Av. AH) hippocampal sclerosis cases showed less than the other two categories (P Ͻ 0.005). For GluR2 levels: (i) in CA4 hippocampal sclerosis cases showed less than the other two categories (P Ͻ 0.015); (ii) in CA3 hippocampal sclerosis cases showed less than mass lesion (P ϭ 0.011); (iii) in CA2 hippocampal sclerosis cases showed less than mass lesion (P ϭ 0.009); (iv) in CA1 all categories were different (P Ͻ 0.023); (v) in Pro hippocampal sclerosis cases showed less than the other two categories (P Ͻ 0.015); and (vi) in Av. AH hippocampal sclerosis cases showed less than the other two categories (P Ͻ 0.025). For GluR3 levels: (i) in CA4 mass lesion showed more than the other two categories (P Ͻ 0.004); (ii) in CA3 mass lesion showed more than the other two categories (P Ͻ 0.031); (iii) in CA2 mass lesion showed more than hippocampal sclerosis cases (P ϭ 0.038); (iv) in CA1 mass lesion showed more than hippocampal sclerosis cases (P ϭ 0.0009); (v) in Pro mass lesion showed more than hippocampal sclerosis cases (P ϭ 0.003); and (vi) in Av. AH mass lesion showed more than the other two categories (P Ͻ 0.025).
NMDA recognition site using [ 3 H]glutamate in five patients with probable hippocampal sclerosis, including two with tumours in the parahippocampal gyrus, and compared them with six autopsies. Without correction for neuron loss, the seizure patients showed decreased CA1 binding while in CA3 and dentate gyrus molecular layers the results were similar to the control autopsies. In contrast, McDonald et al. (1991) compared eight non-sclerotic hippocampi (i.e. probable mass lesion cases) with autopsies and found, without correction for neuron loss, (i) increased [ 3 H]glutamate binding in CA1 stratum radiatum and dentate molecular layers while the CA4 region was similar to autopsies and (ii) decreased hippocampal binding of a phencyclidine-analogue that labelled the NMDA channel site ([ 3 H]TCP). Again using ligand autoradiography, but this time correcting for neuron loss, Hosford et al. (1991) studied eight sclerotic patients and reported, compared with autopsies: (i) no change in [ 3 H]glutamate binding per neuron for CA3 and CA1 stratum radiatum, and numerically increased binding in dentate molecular layers; (ii) no change in [ 3 H]TCP binding for CA1 stratum radiatum and dentate molecular layers, and decreased binding in CA3 stratum radiatum; and (iii) no change in [ 3 H]AMPA binding for CA3 and CA1 stratum radium, and increased binding in dentate molecular layers. Such examples illustrate the difficulty in interpreting human studies with different patient populations. Furthermore, it is uncertain whether there is any relationship between AMPA or NMDA radioligand binding and subunit mRNA levels (Bettler and Mulle, 1995) .
More recent human studies of hippocampal AMPA and NMDA mRNA levels can be equally confusing if neuron loss is not accounted for and the surgical populations are not carefully catalogued (Bayer et al., 1995) . For example, Lee et al. (1994) measured AMPA GluR1-3 mRNA levels using Northern blots on hippocampal tissue and adjacent temporal neocortex in 14 seizure patients. The hippocampal pathology and patient populations were not described, and compared with adjacent Fig. 7 . Specific post hoc results showed for NMDAR1 levels: (i) in stratum granulosum hippocampal sclerosis cases showed less than mass lesion (P ϭ 0.017); (ii) in CA3 hippocampal sclerosis cases showed less than the other two categories (P Ͻ 0.049); (iii) in CA2 hippocampal sclerosis cases showed less than mass lesion (P ϭ 0.007); (iv) in CA1 all categories were different (P Ͻ 0.0007); (v) in prosubicum (Pro) hippocampal sclerosis cases showed less than mass lesion (P ϭ 0.0007); and (vi) in Av. AH hippocampal sclerosis cases showed less than the other two categories (P Ͻ 0.019). For NMDAR2 levels: (i) in stratum granulosum mass lesion showed more than the other two categories (P Ͻ 0.046); (ii) in CA4 hippocampal sclerosis cases showed less than mass lesion (P ϭ 0.0001); (iii) in CA3 hippocampal sclerosis cases showed less than the other two categories (P Ͻ 0.032); (iv) in CA2 hippocampal sclerosis cases showed less than mass lesion (P ϭ 0.002); (v) in CA1 all categories were different (P Ͻ 0.006); (vi) in prosubicum mass lesion showed more than the other two categories (P Ͻ 0.006); and (vii) in Av. AH all categories were different (P Ͻ 0.029).
neocortex hippocampal GluR1-3 mRNA levels were either decreased (41%), unchanged (26%) or increased (33%). Likewise, García-Ladona et al. (1994) performed in situ hybridization using synthetic oligonucleotides complementary to AMPA GluR1-4 and compared the fascia dentata in three unspecified surgical cases to two autopsies. Neuron counts were not indicated and for granule cell and hilar neurons they reported a numerical, but not significant, increase for GluR1 and GluR2, but no changes for GluR3 and GluR4 mRNAs. Hence, human temporal lobe epilepsy studies that combine mass lesion and hippocampal sclerosis patients with different amounts of neuron loss make it difficult to discern whether hippocampal AMPA and NMDA receptors per neuron are increased or decreased compared with autopsies. Compared with autopsies and without correction for neuron loss, our study showed that AMPA and NMDA mRNA levels were increased or similar in mass lesion cases, and decreased or similar in hippocampal sclerosis patients. These findings are consistent with other recent human studies that have examined the distribution of immunoreactivity for AMPA and NMDA subunits in similar patient populations. Specifically, hippocampal AMPA GluR1, GluR2/3 and NMDAR1 immunoreactivity in hippocampal sclerosis patients shows staining that follows the pattern of neuron loss (Bayer et al., 1995; Babb et al., 1996; Lynd-Balta et al., 1996) . Sclerosis patients show loss of AMPA and NMDA immunoreactivity in CA1 and hilar regions, while mass lesion cases with less damage show staining similar to autopsies. Hence, without correction for neuron loss, the pattern of hippocampal AMPA and NMDA receptor immunoreactivity in mass lesion cases and hippocampal sclerosis patients fits our distribution of mRNA changes, and probably explains the divergent results found in previous human studies.
Comparisons with acute seizure models
Animal studies using in situ hybridization to examine AMPA and NMDA mRNAs following acute seizures have shown variable responses that seem to depend on the duration and method of seizure induction. Within the past few years, several reports have examined excitatory mRNA levels in time course studies ranging from 3 h to 28 days after acute seizures or status epilepticus induced by systemic kainate, intracerebral kainate, pilocarpine, kindling, electroshock or electrolytic lesions (Gall et al., 1990; Kamphius et al., 1992 Kamphius et al., , 1994 Kamphius et al., , 1995 Pollard et al., 1993; Pratt et al., 1993; Wong et al., 1993; Condorelli et al., 1994; Friedman et al., 1994; Kraus et al., 1994; Prince et al., 1995; Gold et al., 1996; Naylor et al., 1996) . Collectively, the results have been inconsistant, especially in animals subjected to status epilepticus, with the various studies showing increased, decreased or no changes in AMPA and NMDA mRNA levels. Furthermore, in most of these animal studies, any increased or decreased AMPA and NMDA mRNA alterations were usually transient. So far, similar animal studies in chronic epileptic models, with spontaneous or stimulated seizures lasting several weeks or months have not been reported.
In contrast to many acute seizure experiments, our study found that hippocampal AMPA and NMDA hybridization densities, especially for GluR1 and NMDAR2 in granule cells, were increased per neuron in chronically seizing temporal lobe epilepsy patients. What our study could not discern was whether the increased mRNA levels were from: (i) repeated chronic seizures; (ii) hippocampal neuron losses; (iii) anti-epileptic medication; and/or (iv) other pathological changes such as hippocampal axon sprouting and reactive synaptogenesis. Since increased granule cell AMPA and NMDA mRNA levels occurred in both mass lesion and hippocampal sclerosis patients, our results would suggest that increased granule cell mRNAs were from the chronic seizures. However, the time-course of AMPA and NMDA mRNA expression in chronic limbic epilepsy models will need to be studied in order to define better which pathological or physiological factors might increase mRNA levels in temporal lobe epilepsy patients, and to explain hippocampal hyperexcitability.
Possible functional consequencse of differentially increased hippocampal AMPA and NMDA mRNAs
Conceivably, relative changes in hippocampal AMPA and NMDA receptor subunit composition could alter the functional properties of assembled ionotropic glutamate receptors, and contribute to hyperexcitability and/or protect neurons from chronic seizure-related excitotoxicity. For example, recombinant molecular studies indicate that inclusion of GluR2 into heteromeric AMPA receptors confers low calcium permeability, and different AMPA subunits seem to combine freely (Mayer and Westbrook, 1987; Hollmann et al., 1991; Koh et al., 1995) . Mice lacking the GluR2 allele develop lethal seizure-like behaviours by postnatal day 13 indicating the importance of this subunit for controlling neuronal excitability and synchronization (Brusa et al., 1995) . Furthermore, it appears that GluR2 is differentially expressed in various native neurons, with normal adult hippocampal principal neurons characteristically showing greater GluR2 expression and low AMPA-mediated calcium permeability (Burnashev, 1996; Leranth et al., 1996; Gu et al., 1996) . Likewise, only~8% of hippocampal AMPA receptors appear to be GluR1 homomeric (Wenthold et al., 1996) . Similar possibilities exist for NMDA subunit protein modifications and receptor functions. For example, compared with homomeric receptors, heteromeric combinations of NMDAR1 and -R2 generate larger channel currents with decay constants between 100 and 400 s (Kennedy, 1994; Molinoff et al., 1994) . Moreover, in multimeric NMDA receptors the NMDAR2b component is associated with greater voltage-dependent magnesium and zinc blockade (Hollmann and Heinemann, 1994; Molinoff et al., 1994) .
Our data suggest that, in association with chronic mesial limbic seizures, there may be changes in hippocampal AMPA and NMDA subunit protein combinations and this may alter neuronal hyperexcitability and synchronization. For instance, in both sclerosis and mass lesion cases, we found a greater increase in granule cell AMPA GluR1 mRNA levels compared with GluR2 (150% compared with 40%; see Fig. 9 ). Likewise, in granule cells we found a greater percentage increase for NMDAR2 than NMDAR1 mRNAs. However, in the Ammon's horn AMPA GluR2 was numerically greater in sclerosis patients relative to both autopsies and mass lesion cases, and the percentage increase was similar to the increase for GluR1. Hence, compared with autopsies, it is possible that in temporal lobe epilepsy patients granule cells may have a larger proportion of hippocampal AMPA multimeric receptors that lack GluR2 subunits, or there may be a greater percentage of homomeric GluR1 combinations. If so, these AMPA receptor changes could promote neuronal hyperexcitability because of an increase in glutamatemediated calcium permeability (Bochet et al., 1994; Koh et al., 1995) . Likewise, hippocampal NMDA heteromeric receptors may show less glutamate-mediated potential to open their channels because of an increase in NMDAR2 subunits but, once open, these receptors could promote neuronal synchronization because of their longer decay constants. In comparison, sclerosis patients showed a similar increase in Ammon's horn pyramids for both GluR1 and GluR2, which may better protect these neurons from repeated seizure-induced damage. Hence, in temporal lobe epilepsy patients, changes in AMPA and NMDA mRNA levels and their subunit proteins could change the functional properties of excitatory amino acid receptors, and could possibly contribute to the process of hippocampal epileptogenesis, especially in dentate granule cells. Furthermore, knowledge of these alterations in receptor subunit composition may be of value in planning pharmacological or other molecular based therapies. However, it should also be emphasized that additional electrophysiological studies will be necessary to characterize the channel properties associated with epileptic hippocampal principal neurons better, and to test our hypothesis that there appears to be differential increases in selected AMPA and NMDA receptor-subunit proteins.
In addition to changes in functional properties, adjustments in AMPA and NMDA receptor-subunit proteins could alter other glutamate receptor functions such as those controlling synaptic plasticity. During hippocampal neuronal development there appears to be a relationship between AMPA and NMDA receptor activation, axon growth, and synapse formation (for review, see McDonald and Johnston, 1990; McNamara et al., 1990) . For example, compared with adult animals hippocampal GluR1 and NMDAR2 mRNA levels are increased during postnatal axogenesis (PellegriniGiampietro et al., 1992; Chabot et al., 1996; Portera-Cailliau et al., 1996) . Furthermore, in the developing rat hippocampus, NMDA pharmacological blockage is associated with increased granule cell ontogenesis and pyknotic cell death (Gould et al., 1994) . Hence, AMPA and NMDA activation may be important in mediating postnatal granule cell development and axogenesis, and based on our findings, we suggest that one possible consequence of a relative increase in granule cell GluR1 and NMDAR2 subunits in temporal lobe epilepsy patients may be to promote aberrant axon sprouting, possibly through an interaction with neurotrophic or other growth factors (Kornblum et al., 1994; Mathern et al., 1997d) . While speculative, such a hypothesis is supported by our data, and if correct would suggest a possible mechanism that may contribute to excitatory and inhibitory axon circuit reorganization in the fascia dentata of chronic temporal lobe epilepsy patients.
Conclusions
This study has shown that patients with temporal lobe epilepsy show greater AMPA and NMDA mRNA levels per neuron compared with those in control autopsies from nonneurological cases, and in granule cells the greatest relative increase in mRNA levels were for AMPA GluR1 and NMDAR2. It was unclear whether the increased mRNA levels were the 'cause' or 'consequence' of neuron loss, reactive synaptogenesis and/or repeated chronic seizures. These changes in mRNA levels could alter excitatory receptor functional properties, and possibly contribute to the process of hippocampal epileptogenesis, and they may promote aberrant axon sprouting. Finally, additional experimental studies are necessary to characterize the changes in AMPA and NMDA mRNA levels further in relation to chronic seizures, axon sprouting and neuronal loss.
